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NOMENCLATURE 
Symbol 
Note: 
Description 
Resting values are given for 
= 30°C and AM = 0 and 10( 
percent relative humidity 
Typical Value 
for a Standard 
Man Used in the 
Model or 
Determined bv 
the Model 
A 
Cp 
CpAlR 
Cp^ 
AH,/"^°(Tc) Heat of vaporization of water at T. 
AH^sva^T 
K, CM 
m 
mc 
m e 
Body surface area 
Heat capacity of the body 
Heat capacity of the air 
Heat capacity of the blood 
Overall convective heat transfer 
coefficient 
Heat of vaporization of sweat 
Conductivity between core and 
muscle layers 
Conductivity between muscle and 
skin layers 
Body mass 
Mass of the core compartment 
Mass of the muscle compartment 
Mass of the skin compartment 
1.8 m^ 
0.86 kcal/kg^'C 
0.25 kcal/kg"C 
0.92 kcal/kg*°C 
5.3 kcal 
m2*hr*°C 
577 kcal/kg 
(at Tc = 37°C) 
0.6 kcal/g 
0.1 kcai/min*°C 
0.2 kcai/min*°C 
70 kg 
40 kg 
28 kg 
2 kg 
V I  I  
Molecular weight of air 
Molecular weight of water 
Metabolic consumption rate of oxygen 
in the core compartment at rest. 
Metabolic generation rate of carbon 
dioxide in the core compartment at 
rest. 
Energy metabolism in the core 
compartment at rest. 
Metabolic consumption rate of oxygen 
in the muscle compartment at rest. 
Metabolic generation rate of carbon 
dioxide in the muscle compartment 
at rest. 
Energy metabolism in the muscle 
compartment at rest. 
Metabolic consumption rate of oxygen 
in the skin compartment at rest. 
Metabolic generation rate of carbon 
dioxide in the skin compartment at 
rest. 
Energy metabolism in the skin 
compartment at rest. 
Additional metabolic consumption 
rate of oxygen (in the muscles 
compartment) due to exercise. 
Converted to COg and energy 
metabolism in corresponding 
muscle compartment balances. 
29 g/mol 
18 g/mol 
0.206 L/min 
0.165 L/min 
0.994 kcal 
min 
0.044 L/min 
0.0352 L/min 
0.212 kcal 
min 
5.3X1 Q-" L/min 
4.24X10® L/min 
0.000256 kcal 
min 
0.0 L/min 
at rest. 
V i i i 
AMsh 
H20 
TOTAL 
Q. 
Metabolic consumption rate (in the 
muscles compartment) due to 
shivering. 
Partial pressure of Oj or CO2 
Partial pressure of water 
Vapor pressure (mmHg) 
Total ambient pressure 
Ventilation rate 
0.0 L/min above 
Tc = 36.6°C 
760*y mmHg 
(RH/100) p* 
Calculated using 
the Antoine 
Equation 
760 mmHg 
3.66 L/min 
at rest 
Qb 
Qc 
Total blood flow rate [Cardiac Output] 5.0 L/min 
Blood flow to the core compartment 3.85 L/min 
at rest 
Q. Blood flow to the muscle compartment 1.1 L/min 
at rest 
Qc Blood flow to the skin compartment 0.05 L/min 
at rest 
Q. Evaporative heat loss 0.886 kcal/min 
at rest 
RH 
RQ 
S02 
t 
Relative Humidity of the air 
Respiratory Quotient 
Percent saturation of hemoglobin 
with oxygen 
Time 
Percent 
0.8 + 0.083*AM 
497.5*x^°2 
Minutes at 
specified 
conditions 
I  X  
T. 
Ambient temperature (°C) 
Core temperature 
Specified 
environmental 
temperature 
37.1°C 
at rest 
T. Muscle temperature 36.5°C 
at rest 
T. Skin temperature 31.8°C 
at rest 
T. Average temperature of mixed 
blood returning from muscles and 
skin to the core compartment in 
the veins. 
36.3°C 
at rest 
V. 
V. 
V 
* C 
V C02 
V 
* M 
V ^ M 
Volume of air in the lungs 
Volume of water in the core at rest 
Volume of blood and equivalent 
dissolved oxygen in the core 
compartment. 
Volume of blood and equivalent 
dissolved carbon dioxide in the 
core compartment. 
Volume of blood and equivalent 
dissolved oxygen in the muscle 
compartment. 
Volume of blood and equivalent 
dissolved carbon dioxide in the 
muscle compartment. 
6.0 L 
22.86 L 
3.82 L 
25.66 L 
2.67 L 
17.96 L 
Volume of blood and equivalent 
dissolved oxygen in the skin 
compartment. 
0.19 L 
X  
V^C02 
02 
C02 
02 
Volume of blood and equivalent 1.28 L 
dissolved carbon dioxide in the 
skin compartment. 
Volume fraction of oxygen in the 0.1885 
arterial blood (exiting the lungs). 
Volume fraction of carbon dioxide in 0.4853 
the arterial blood (exiting the lungs). 
Volume fraction of oxygen leaving 0.1350 
the core compartment. 
C02 Volume fraction of carbon dioxide 
leaving the core compartment. 
0.5282 
02 Volume fraction of oxygen leaving 
the muscle compartment. 
0.1485 
C02 Volume fraction of carbon dioxide 
leaving the muscle compartment. 
0.5173 
02 Volume fraction of oxygen leaving 
the skin compartment. 
0.1874 
C02 
02 
Volume fraction of carbon dioxide 0.4862 
leaving the skin compartment. 
Volume fraction of oxygen in the 0.1385 
venous blood (returning to the lungs). 
C02 Volume fraction of carbon dioxide in 0.5254 
the venous blood (returning to the lungs). 
VA 02 Volume fraction of oxygen in the gas 
exiting the lungs. 
0.1417 
C02 Volume fraction of carbon dioxide 
in the gas exiting the lungs. 
0.0546 
X  I  
y°2 Volume fraction of oxygen in the gas 0.21 
entering the lungs. 
yi^°2 Volume fraction of carbon dioxide 0.0 
in the gas entering the lungs. 
a The gain in a control equation Determined by 
physiological 
factors 
Y®"* Humidity of the air kg/kg air 
V®*" Humidity of the expired gas. kg/kg air 
Partition coefficient ([dissolved 0.024 
oxygen volume/tissue volume]/ 
[dissolved oxygen volume/blood volume]) 
Partition coefficient ([dissolved 0.57 
carbon dioxide volume/tissue volume]/ 
[dissolved carbon dioxide volume/blood 
volume]) 
p Density of the blood 1.056 kg/L 
Par Density of the air 1.293 g/L 
Ph2o Density of water 1000 g/L 
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INTRODUCTION 
This work involves the continuing development of a unique model 
that can be used to describe the complex interactions which occur to 
regulate temperature and blood flows in the human body. It is the first 
model, to our knowledge, which includes both the transport of oxygen 
and carbon dioxide (mass balances) along with energy balances 
interacting on this level. The scope of this research is, therefore, very 
broad. 
The model was originally developed to describe the competitive 
interactions between muscles and skin in their need for blood flow 
during exercise (Downey, 1996). The following diagram shows the 
basic temperature regulation and oxygen transport models which were 
combined to form the basis of this work (see Figure 1). In the basic 
model, resting conditions were first determined at an ambient 
temperature of 30°C. This temperature was chosen because it is in a 
range where sweating and skin blood flow are very low, and shivering 
is not a factor. Several different levels of exercise at this 
temperature were then simulated and shown to produce the expected 
increases in temperature. Sweat rates were also compared to data 
from literature to validate the model at this level. 
The next step in the validation of the model was to examine 
changing ambient temperatures and exercising at these temperatures. 
To accomplish this, the ambient temperature was initially set at the 
new level and the model was allowed to approach a new steady-state at 
this temperature. At 300 minutes, where it was clear that all the 
Ta 
LUNGS 
Mo ,c + K 
CORE 
Tc, Vc 
CM 
MUSCLE 
Tm, Vm 
•CM 
Qm 
Mo,mf K MS 
AM 
. Qs 
SKIN 
Ts, Vs 
Mo ,S ^ 
LUNGS 
CORE 
MUSCLE 
M0,sT 
Figure 1: Compartmental models for temperature regulation (a) and oxygen transport (b). 
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variables had reached their steady-state values, a step input of 
exercise was added. Shivering is simulated in the model by 
autonnatically increasing muscle metabolism when the core 
temperature falls below the thermal comfort zone, at core 
temperatures below 36.6°C (Astrand and Rodahl, 1977). The subject 
will continue to shiver until his core temperature warms up above 
36.6°C. 
Steady-state comparisons were most important in examining the 
numerous variables in the original model. Rowell's (1974) treatment of 
blood flow distributions in cool and hot environments with changing 
exercise intensity was a particularly interesting theory which, in fact, 
fueled our initial interest in this work. The most obvious difference 
between our model predictions and Powell's theory is the level of 
resting skin blood flow in the heat. These blood flow distributions will 
be studied further in this work and the reasons for any inconsistencies 
are either discussed or corrected here. The arterio-venous oxygen 
differences were also compared to Rowell's (1986) results with fairly 
similar results. 
Dynamic validations are of great importance, as well. While it is 
often difficult to find studies in the literature that show 
measurements at different times throughout the experiment, we were 
able to make some comparisons with measured temperatures and blood 
flows in the earlier work. 
The final component of this earlier work involved testing the 
sensitivity of the model to changing the estimated parameters. A 
consistent set of parameters for a "standard man" (Seagrave, 1971) 
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was used to determine typical values for the physiological parameters 
involved. Five major sections of parameters were examined to 
determine which would vary the most physiologically and which would 
affect the model results the most if they were varied. Maximum oxygen 
uptake was shown to vary greatly between different subjects and also 
cause large differences in the model predictions. In an attempt to 
minimize the resulting problems encountered when setting an average 
value for maximum oxygen uptake, we determined the percentage of 
maximum oxygen uptake at which an exercise has taken place In 
literature, if possible, and converted this to a percentage of our 
maximum oxygen uptake to set the exercise level. 
Volumes and volume distributions throughout the body change 
considerably, especially during exercise and/or heat stress when blood 
pools in the skin and a great deal of water Is lost from the system 
through the process of sweating. All volume changes were found to 
have only a very small effect on the dynamic model results and no 
effect on the steady-state values. Because this is the case, it would be 
difficult to study internal volume distributions using this model. 
Therefore, in the study of dehydration in this work, we placed more 
emphasis on the total water lost from the body than on the changing 
plasma volumes. 
Resting blood flows can vary significantly between different 
individuals. We examined the changes in the model resulting from 
variations of resting muscle blood flow, skin blood flow, and cardiac 
output. There were some differences in the calculated temperatures in 
the first two cases, but most were relatively small and could be 
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corrected for by changing the corresponding controller gains to fit the 
new resting values. Changing the resting cardiac output had little 
effect. 
Conduction between the tissues is very difficult to estimate, since 
it cannot be adequately measured in most situations. At very low 
temperatures, convective heat transport should approach a minimum, 
where blood flows are minimized, so we can estimate a value for 
conductivity. This has not been a problem in most previous models of 
the thermoregulatory system because conductive and convective forms 
of heat transfer are typically lumped together into one variable. 
Changing these values can have very large effects upon the results of 
the model, but if the value for conductivity is varied, skin blood flow 
can be adjusted to achieve agreement with the experimental data. 
The final category of parameters studied in the sensitivity analysis 
is controller gains. This study is carried on in the present work, 
because most gains are based on previously derived empirical 
relationships or data and applied to a variety of situations. As would 
be expected, changing any of the controller gains would result in major 
changes to the results. 
The control gain for muscle blood flow does not have a large effect 
on temperature, but provides the main factor in determining cardiac 
output. It can be increased further, but cannot be decreased because 
mass balances would not be satisfied. We believe that the 
approximation we have used is fairly good, since it is set to reach the 
minimum oxygen concentration in the blood leaving the muscles at the 
maximum oxygen uptake set in the model. This minimum concentration 
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has been consistently measured and reported by various researchers in 
the past. 
Also noteworthy is the controller gain for shivering. The nature of 
the shivering response will cause oscillations in metabolism and, 
consequently, temperature, to maintain a core temperature around its 
shivering setpoint at 36.6°C. If the gain is large, the oscillations can 
become large and never reach a steady-state. When the gain is set at a 
small enough value, the oscillations become small and even 
undetectable. The gain is modified again here to match the data for the 
case of water immersion. 
Probably the most important and difficult to determine gain was 
that for skin blood flow. In this work, it has been further modified to 
account for changes as a function of ambient temperature and exercise 
level. It has also been revised for the cases of training, acclimation, 
and dehydration, which are discussed in more detail in the following 
chapters. 
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IMPORTANT FEATURES INCLUDED IN THE MODEL (REVIEW) 
The compartmental models for thermoregulation and oxygen 
transport shown in Figure 1 are also coupled with a model for carbon 
dioxide transport. A review of previous models for these systems can 
be found in Downey (1996). Mass and energy balances performed on 
these compartments are shown in Figure 2 along with representative 
dissociation curves and the variables which link them together. 
The oxygen/hemoglobin curve used to relate the concentration of 
oxygen in the gas exiting the lungs to the concentration of oxygen in the 
blood exiting the lungs was based on the Adair equation (as given by 
Willis, Clapham, and Mapleson, 1987) with empirically determined 
coefficients from Thomas (1972): 
100p°2(^-2000 + p°2(2045 + p°2(l 5 + 
(2400000 + p°^3nOO + p°^(2400 + p°^(l5 + 
This equation has correction terms for changes in the core temperature 
and the Bohr Effect (Kelman, 1966): 
(p°M - (p° )^ X 10 
V /VIRTUAL V /STANnARn 
0.024 37 - 0.06 log40 - logp^ 
I u 
 I  ^ / D D 
.CO 2 
The carbon dioxide dissociation curve used is also an empirical 
relationship which relates the concentration of carbon dioxide in the 
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ax?' 
' dt - Q,(xf2 -=f2) . Mg= 
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B«Ul« 
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• M 1102 
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Figure 2: The connections between mass and energy balances and 
equilibrium relationships form the basis of the model. The 
dissociation curves are based on empirically derived 
relationships. 
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air exiting the lungs to the concentration of carbon dioxide in the blood 
exiting the lungs. It was based on the equilibrium relationship 
developed by Meade (1972) using the data of Comroe, Forster, Dubois, 
Briscoe, and Carlsen (1963); 
CO2 content (ml/L) = 
+ 0.62(97.5 - S02) 
It includes a correction for the Haldane Effect as well as a temperature 
correction term (Thomas, 1972): 
The respiratory quotient is used to represent the stoichiometric 
relationship between the metabolism of carbon dioxide and the 
metabolism of oxygen as a function of exercise level; 
RQ = —02" 0.8 + 0.083 * AM (L Q / min) 
M 
The calorific oxygen equivalent statement, as defined by Brobeck 
(1974) in terms of the respiratory quotient, relates the metabolism of 
oxygen to energy metabolism; 
- 1.23 xRQ. 3.816 
L oxygen 
1  0  
This model has been developed on MATLAB using the Simulink 
modeling package. The equations were solved using a fifth order 
Runge-Kutta method available in Simulink. 
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SKIN BLOOD FLOW 
The Control of Skin Blood Flow 
One nnajor problem encountered in the original work involved the 
control of skin blood flow. A simple proportional controller, which has 
typically been used in the past, did not prove to be sufficient to predict 
the different skin blood flow changes that result with respect to 
changes in ambient temperature and/or metabolism. We have now 
modified the original skin blood flow controller, which was a linear 
function of core temperature (Downey, 1996), to account for these 
changes. 
The new skin blood flow algorithm was developed to modify this 
controller with respect to heat stress and exercise level. Skin blood 
flow is still considered to be dependent on core temperature changes, 
but the driving force is not always the same. The gain now changes 
with respect to ambient temperature and metabolism level. Maximum 
and minimum values are set for skin blood flow and the resulting blood 
flow distributions are shown for exercise up to maximal levels in cool 
and hot conditions. Temperature measurements from numerous 
sources, such as Saltin, Gagge, and Stoiwijk (1968), were used to 
estimate the skin blood flow gains in a variety of situations. Linear 
expressions for the gains were then derived with respect to Ta and AM 
as indicated. The following algorithm, therefore, accounts for changes 
in skin blood flow in different ambient temperatures and when 
exercising; 
1  2  
If Ta < 31OC, 
Qs = Qs.o + acsi(Tc ~ Tc.o) 
where: OCQSI = 0.9 if AM < 3.0 L/min 
ttQSi = 0.9 - 0.1AM if AM > 3.0 L/min 
If Ta > 31 OC, 
Qs = Qs.o «ce2(''"c ~ ''"c.o) 
where: OQS2 = 0.3609TA- 9.927 if AM < 8.04 - 0.1627TA L/min 
AQS2 = 0.3609TA- 9.927 - (0.1545TA - 4.689)AM if 
AM > 8.04 - 0.1627TA L/min 
These equations have been revised further in subsequent chapters to 
account for the effects of training, acclimation, and dehydration. 
Blood Flow Measurement Techniques 
This rather elaborate controller is based primarily on the extensive 
data available for temperatures measured throughout the human body. 
This strategy was necessary because the ability to obtain numerical 
values for skin blood flow has been limited. In the past, venous 
occlusion plethysmography was used as the primary technique for 
measuring blood flows in the human body. There are several problems 
with using this technique, however, especially during conditions of 
exercise and/or heat stress. This technique, which can only be used to 
measure blood flows in the limbs, stops the venous return for a short 
time by inflating a cuff around the limb to a sub-diastolic pressure so 
that the arterial flow is left virtually unaffected. During this time, 
changes in volume of the limb can be recorded. 
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Greenfield, Whitney, and Mowbray (1963) investigated the possible 
methods available at that time for measuring peripheral blood flow. 
Besides plethysmography, indicator dilution techniques, calorimetry, 
and pulsation volume, which involves beat by beat measurements, have 
all been used to give qualitative measurements for total peripheral 
blood flow. 
Measurements of skin blood flow separately from muscle blood flow 
have often been attempted, but they have not been quantitatively 
successful. Senay and Christensen (1965) attempted to monitor 
cutaneous circulation during dehydration and heat stress using 
photoelectric plethysmographs. In photoelectric plethysmography, 
light transmission through or reflected by a tissue is measured and 
assumed to depend on the quantity of red blood cells present in that 
tissue. They did not observe any significant changes in the blood flows 
they measured in these experiments, however, and did not attempt to 
study the effects of exercise. 
Xenon clearance has often been used to estimate skin blood flow, 
but, since xenon is lost in sweat, this method is typically only used to 
accurately measure skin blood flow when sweating is at a minimum 
and, thus, not during exercise. Several other problems also exist for 
using the xenon clearance technique. Most notably, the partition 
coefficient for the distribution of xenon between cutaneous and other 
tissues is only estimated, and it depends a great deal on temperature 
and skin blood volume. Also, countercurrent exchange of xenon occurs 
between arteries and veins (Rowell, 1983). 
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A relatively new procedure for measuring skin blood flow involves 
the use of the Doppler shift in laser light from the skin. The red cell 
velocity can be measured and, from this, an estimate for skin blood 
flow obtained, but the flow is not directly measured. Flow velocity is 
a function of skin tissue volume which changes with flow, so this 
technique probably provides only a qualitative value for skin blood flow 
(Rowell, 1983). 
More recently. Hales, Stephens, Fawcett, Daniel, Sheahan, 
Westerman, and James (1989) introduced the concept of using a tissue 
perfusion monitor to measure skin blood flow non-invasively, using the 
principles of photoelectric plethysmography and laser Doppler 
velocitometry to measure the flux of red blood cells in the blood 
vessels. This method appears to be more useful than traditional 
techniques for measuring skin blood flow because it could be used for 
continuous measurements, muscle blood flows would not have to be at a 
minimum, and it could be applied to any body region, not just the limbs. 
It has just been used for qualitative comparisons of relative changes, 
though, and not as a quantitative indicator of skin blood flow. 
Temperature Measurements 
In the previous section, problems involved with measuring blood 
flows were discussed. While temperature measurements are easier to 
obtain, difficulties still exist in finding the appropriate measurement 
to compare with a compartmentalized model of the body. Generally, it 
is agreed that tympanic, esophageal, or rectal temperatures provide 
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reasonable Indications of the core temperature. A discussion of the 
advantages and disadvantages of using each of these measurements to 
estimate core temperature can be found in Downey (1996). Mean values 
for skin temperature are typically a weighted average from several 
representative areas of the body. 
Peripheral Blood Flow Response Times 
When exercise first begins, there is a brief initial decrease in core 
temperatures in our model. This is also observed in other 
thermoregulatory models. While it is sometimes thought that this is 
just a mathematical artifact of the modeling process, it has also been 
observed experimentally (Saltin and Hermansen, 1966) and can be 
discussed from a physiological viewpoint. When a subject begins to 
exercise, it is observed that his peripheral blood flow may increase 
quickly enough to cause the observed core temperature dip. 
An initial drop in rectal temperature has also been observed for the 
case where a subject is first exposed to heat. This is thought to be due 
to the initial rapid increase in peripheral blood flow (Hortsman and 
Horvath, 1972). When skin and muscle blood flows increase, the heat 
from the core is transferred to the periphery faster than it is 
generated. Consequently, cooled blood returns to the core faster after 
evaporation. This rapid action of the cardiovascular system may cause 
the temperature of the core to dip. During exposure to heat stress, the 
time before core temperature starts to rise to a new steady-state 
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level for the new ambient temperature appears to be much longer than 
the delay in rise which occurs at the start of exercise. 
The cardiovascular response also appears to be more rapid than the 
evaporative cooling response that occurs upon exposure to heat stress. 
While core temperature initially decreases, skin temperature may 
increase very quickly as skin blood flow suddenly rises. There appears 
to be a time delay in the evaporative response, so that skin 
temperature has been observed to overshoot its final steady-state 
value at the new ambient temperature. Hortsman and Horvath (1972) 
also found that skin temperatures and evaporative rates both achieved 
their steady-state levels at about the same time. At this time, rectal 
(core) temperature was still increasing. 
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RESULTS -- BLOOD FLOW DISTRIBUTIONS 
Two resulting steady-state blood flow distributions, using the 
proposed skin blood flow control relation, are shown in Figure 3. In 
both cold and warm environments, skin blood flow continually 
increases with metabolism until a point is reached where it can no 
longer increase as fast -- most likely because maintaining such a high 
cardiac output (peripheral blood flow) would compromise central blood 
pressures. Skin blood flow will then stop increasing so quickly, 
approach a constant, and possibly even start to decrease again, 
especially in a hot environment where the thermoregulatory 
requirements are greater at lower metabolic rates than in a cooler 
environment. In this case, the same high metabolic rates cannot be 
obtained, but it has been shown that thermoregulatory requirements are 
compromised so the metabolic needs of the muscles can be met up to a 
new, lowered, peak metabolic rate. 
Several theories have previously been proposed to describe the 
distribution of blood flows during exercise and heat stress. One early 
theory maintained that if exercise took place in a hot environment, skin 
blood flow would increase continually with an increasing level of 
exercise until a maximum cardiac output was reached at a lower peak 
oxygen uptake. This theory, proposed by Brouha, is discussed in Rowell 
(1977) where Rowell pointed out several problems with it and 
suggested the distribution shown in Figure 4. The most apparent 
difference between our model's prediction and Rowell's estimation is in 
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Ambient Temperature = 25.6 C 
Points Indicate Simulation Results 
Qm 
Qm+Qc 
Qm+Qc+Qs 
Metabolism (L 02/min) 
Figure 3; Blood flow distribution at: a) 25.6°C ambient temperature. 
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Figure 3 (continued): b) 43.30C ambient temperature. 
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Figure 4; Rowell's proposed blood flow distribution. 
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the level of resting skin blood flow. The mass and energy balances 
along with the controller we have used for sweating indicate a much 
lower resting skin blood flow rate than suggested by Rowell in the 
warmer temperature (at right). Our model for acclimation does suggest 
that resting skin blood flow may be higher for unacclimated 
individuals. These results will be presented and discussed in the 
ACCLIMATION chapter. 
These predictions have not yet been confirmed in the laboratory, 
because many problems are encountered in accurately measuring both 
muscle and skin blood flows. The Pick Principle cannot be applied in 
either case, since no measurable quantity is removed from the blood 
uniquely by either the skin or the muscles. Venous occlusion 
plethysmography has typically been used for measurements in the arms 
and legs, to give a total limb blood flow measurement. Thus, only in 
cool conditions when the skin is maximally vasoconstricted and 
muscles are at rest is this technique very quantitatively useful. The 
previous chapter discussed in detail several other techniques which 
have been utilized to estimate skin blood flow. 
In summary, we believe that skin blood flow can reasonably be 
implied to increase in response to exercise and heat stress as a 
function of core temperature, but this increase is limited and the peak 
oxygen uptake attainable decreases with increasing ambient 
temperature. At low ambient temperatures, skin blood flow increases 
with a constant gain until the exercise level is very high. The gain then 
begins to decrease as a function of exercise, because muscle blood flow 
must be favored over skin blood flow for exercise to continue, so skin 
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blood vessels constrict. In higher ambient temperatures, the point at 
which this constriction begins to occur is at a lower exercise level. 
The gain increases with increasing ambient temperature, simulating 
the increased skin blood vessel dilation until it must be limited to 
provide more blood flow to exercising muscles. 
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MUSCLE BLOOD FLOW 
Besides skin blood flow, there are four other flow terms which are 
defined separately in terms of other parameters and variables in the 
model. The blood flow required by exercising muscles is dependent on 
the amount of oxygen removed from the blood. The equation used to 
control muscle blood flow, therefore, depends on the concentration of 
oxygen in the blood exiting the muscles. With simple proportional 
control, error may accumulate so the resulting muscle blood flow does 
not increase linearly with added exercise. 
When the concentration term in the proportional control equation is 
squared, however, the error is also squared and reduced enough to 
eliminate the decreased slope of the muscle blood flow line at high 
levels of exercise (see Figure 5). Further increasing the power to 
which the concentration term is raised does not produce any significant 
changes in the slope and serves to increase computational efforts. The 
following equation is, therefore, used to control muscle blood flow: 
The gain in this equation is set to achieve the known minimum 
concentration of oxygen leaving the muscles at the known maximum 
oxygen uptake. 
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Figure 5: Muscle blood flow results at different metabolic levels using 
the two proposed models. 
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OTHER IMPORTANT CONTROL RELATIONS 
Sweating, Ventilation, and Internal Tissue Blood Flow 
The three remaining flow relations used in the model are more 
easily determined because these phenomena have been studied 
extensively in the past. Heat loss through sweating is based on 
Stolwijk, Saltin, and Gagge's (1968) linear model in terms of core and 
skin temperatures: 
Qv = 3.42 (Tc - SS.G'C) + 0.51 (Ts - 33.3°C) 
The choice of this model is elaborated in the next section. The 
chemoreflex control model of Duffin (1972) is used to simulate 
ventilation in terms of arterial oxygen and carbon dioxide partial 
pressures: 
r 60(p°' - 25) 1 n5(p"' - 37) 
Qa = 0.83160 - 7 r ^1 + T—+ 
L (P°' - 25) + 2.5j - 37) + 70 
r fp^°2 - 40) 1 r 2220fp°2 - 25) 1 
,—I I X 12220 - 7 L\ 
- 40 + 70j L - 25 + 2.5j 
Blood flow to internal tissues is allowed to decrease to a set minimum 
value before cardiac output increases to simulate repartitioning 
2 6  
effects. An in depth discussion about the factors involved in blood 
flow repartitioning is presented in Downey (1996). 
The Sweat Rate/Evaporative Heat Loss Relationship 
A major concern in the development of this model has been to 
determine a relationship which adequately describes evaporative heat 
loss from the body. It is understood that evaporative heat loss is 
driven by the changes in core and skin temperatures, but it can also be 
limited by environmental conditions and decreasing water storage. 
Previous physiological models have employed relations for 
evaporation which are either a function of temperatures or partial 
pressures of water on the skin and in the air. Typically, both of these 
factors have not been accounted for in the same model. The controller 
we have developed is an empirical equation in terms of core and skin 
temperatures, modified to account for training, acclimation, and 
dehydration. These modifications will be described in detail in 
subsequent chapters of this dissertation. 
Since we are primarily concerned with the thermoregulatory system 
of the body and have accounted for temperature changes within the 
model, this type of controller appears to be the most appropriate. 
Changes in environmental conditions, most importantly ambient 
temperature and relative humidity, are taken into account elsewhere in 
the model. Additionally, extra factors could be Incorporated into this 
equation fairly easily to study more diverse environments. These 
factors might include the wetted area of the skin. 
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When water arrives at the skin, it could be assumed to evaporate 
completely. However, the process of evaporation Is limited by the 
partial pressure of water In the air and the mass transfer coefficient 
from skin to air. If the air is very humid, a subject working, or even at 
rest in a warm environment, will have sweat that does not evaporate, 
but collects as run-off and forms a layer of surface water. 
This run-off impedes the thermoregulatory process because 
although water is being lost from the body, not all of it is contributing 
to heat dissipation. Nadel, Mitchell, and Stolwijk (1971) have 
developed an equation for the regulation of sweat rate with modified 
terms to account for the wetted area of the skin. This would become 
especially important in the study of localized sweating. In a later 
chapter of this text, we have developed a relationship which does 
account for run-off during sweating. 
Respiratory Heat Loss 
Previous discussions have focused on the heat being lost from the 
skin surface through evaporation, convection, conduction, and radiation. 
Heat is also being transferred between the core and the environment 
through the process of breathing. In humans, this respiratory heat loss 
is considerably less than evaporative heat loss In most cases, but its 
effect should not be ignored. 
The final two terms in the core temperature energy balance account 
for energy loss through the respiratory system (see Figure 2). The 
difference between the absolute humidity of the inspired and expired 
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air is given by McCutchan and Taylor's empirical relationship (as 
reported in Mitchell, 1977): 
y"p - = 0.029-0.8Y"^ 
is defined by using the Antoine equation with coefficients for 
water (Felder and Rousseau, 1986) to calculate the vapor pressure at 
so; 
. amb M WATER 
M AIR 
^H20 \ 
760 - p' H20 
and 
^H20 f [^|_j \ 8.10765 -
T O O  
10^ 
1750.286 
235 » Ta 
Oxygen Extraction from the Blood 
Far more important than the heat transfer taking place in the 
respiratory system is the mass transfer. We assume there are no mass 
transfer limitations across the alveolar-capillary interface. This is 
appropriate in the absence of lung pathology at the exercise levels of 
interest. Thus, there is an equilibrium between the alveolar gas and 
the pulmonary capillary blood for both oxygen and carbon dioxide. This 
equilibrium is represented by the dissociation relationships. 
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WATER IMMERSION 
Thermoregulatory and Cardiovascular Changes 
As was previously discussed, changing environmental conditions can 
have important effects on the subject. We decided to examine one 
completely different environment which is often encountered, when the 
subject is surrounded by water. This condition poses an interesting 
problem for the body's thermoregulatory system. When the skin is 
covered with water (as opposed to air), the convective heat transfer 
coefficient is much larger, causing heat loss from the body to increase 
dramatically and bringing the skin temperature close to the water 
temperature. 
Actually, when the body is covered by water instead of air, two 
major changes occur in the mechanism for heat transfer. First, the 
overall heat transfer coefficient, which includes convective and 
conductive heat loss from the skin to the environment, increases 
considerably. This is due primarily to the significantly higher thermal 
conductivity and specific heat of water. Secondly, but less 
importantly, evaporative heat loss due to sweating is no longer 
important. 
While this is mainly considered to be a thermoregulatory problem, 
the cardiovascular system is also important. With the increased heat 
transfer characteristics, peripheral blood flows must be adjusted to 
help conserve heat in cold water, or, possibly, slow the transfer of heat 
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into the body in warm water. In both of these cases, peripheral blood 
flow decreases would lead to improved thermoregulation. 
In warm water, it would be advantageous to decrease peripheral 
blood flows, since there is no means by which to dissipate heat through 
the skin. This is quite different than exposure to heat in air. It is not 
understood whether or not the body has a sufficient temperature 
sensing mechanism to cause this to happen. In our model, skin blood 
flow would still increase, as it does upon exposure to heat in the air 
following the core temperature increase. 
Results -- Cold Water Immersion 
In the experiments of Behnke and Yaglou (1950), two subjects were 
immersed in cold water at 43°F (6.1 oC) for 50 to 60 minutes until their 
toes were numb and they were shaking violently. This experiment was 
certainly an extreme case used to test the limits of the body in 
exposure to cold water, so it also provides a good case to test the 
limits of our model. It is often cited in more recent works as an 
important and even heroic experiment (Bullard and Rapp, 1970). 
The subjects' temperatures and increases in metabolism due to the 
shivering response were measured and are compared to our model 
simulation results in Figure 6. For our simulations, the overall 
convective heat transfer coefficient was set at 230 W/m2* oq for rest 
in still water (Nielsen, 1977) and the evaporative heat loss term was 
eliminated. Skin temperatures compare reasonably well with our 
results. 
Figure 6: Model predictions for: 
a) temperatures at rest in cold water are compared with measured values for 
rectal, esophageal, and skin temperatures taken from Behnke and Yaglou's (1950) 
experiments performed on two different subjects. 
b) temperatures are used to make the same comparison with the shivering 
controller gain increased from 0.3 to 1.5. 
c) metabolic rates at rest in cold water are compared with experimental data from 
the same source. 
d) metabolic rates are used to make the same comparison with the shivering 
controller gain increased from 0.3 to 1.5. 
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Rectal and esophageal temperatures are underestimated by our 
original model in this case. Metabolism change is also underestimated, 
presumably because the gain for shivering was set according to the 
shivering response that is observed in an air environment. The gain on 
the shivering response was increased from 0.3 to 1.5 and, with this 
higher gain, the model fit to the data was much better. 
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SWIMMING 
Exercise in Water 
Swimming in water has similar effects to exercising in air, but the 
water temperature has an even more important effect than the ambient 
temperature because of the increased heat transfer coefficient. In cold 
water, heat loss can increase dramatically, even during swimming. In 
fact, body core temperatures often become compromisingly low in cold 
water, even during swimming where the heat production in the muscles 
is as much as fifteen times greater than that during rest. Body 
temperatures can even decrease to the point where muscle activity 
becomes affected (Nadel, 1977). 
Problems can also occur quickly in warm water, where there is no 
means by which to dissipate the excess heat produced during exercise 
and core temperatures continue to rise when there is no thermal 
gradient to carry heat from the body. Even if skin blood flow is at a 
minimum to conserve heat or prevent the transfer of heat into the body, 
muscle blood flow must be increased to transport oxygen to the 
muscles, so blood is still carried to the periphery at an enhanced rate 
during swimming. 
Results - Swimming in Water at Various Temperatures 
If the subject is exercising while immersed in water, he generates 
more heat, but his heat transfer coefficient is further increased to 
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approximately 580 W/m2*oc independent of speed (Nielsen, 1977). The 
data of Holmer and Bergh (1974) are compared to our simulation results 
in Figure 7. Subjects exercised at 50 percent of their maximum oxygen 
uptake in water at three different ambient temperatures and in 21 oC 
air. 
In the warmest water, the model behavior is reasonable. The most 
important factor in determining body cooling in water has been shown 
to be the thickness of the subcutaneous fat layer of the subject. Since 
the two subjects shown here had different fat thicknesses, the spread 
of their data is quite large. The data points for the thinner subject 
(subject 1) are shown using different symbols in all graphs to make 
comparisons with the data for the subject with more fat (subject 2). 
In the model, all subjects are assumed to be at steady-state resting at 
3 0°C in air before they go into the water and immediately begin 
swimming. 
In the warmest water (340C) the model matches the data from the 
thinner subject better. His temperatures are always larger in this 
case, perhaps partly because his basal metabolic rate was greater, but 
probably mostly due to the increased heat convection from the water 
because he has less insulating fat. At 260C, the model matches the 
data from the subject with more fat better. In the thinner subject, the 
heat generated by exercise is balanced by the heat convected to the 
surrounding water. The fat provides a layer of insulation so the core 
remains warmer. This difference is even more apparent in the results 
at 180C. The thinner subject's temperature actually falls at this level 
of exercise while the subject with more fat has an increasing 
Figure 7; Model predictions for temperatures of subjects exercising at fifty percent of their 
maximum oxygen uptake are compared with measured values for esophageal and muscle 
temperatures taken from Holmer and Bergh's (1974) experiments performed on two 
different subjects. Subject 1 was thinner than subject 2. The exercise takes place in: 
a) water at 18°C. 
b) water at 26°C. 
c) water at 34°C. 
d) air at 2VC. 
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temperature (muscle temperature was only measured In the thin 
subject in this case). The model prediction falls in between the 
measured data. 
The final graph shows a comparison of the model to the same two 
subjects running at the same metabolism level in 21°C ambient 
temperature. The data of the thin subject are higher in every case, 
probably because he shivered more at rest to bring his resting 
temperature up before he began exercising. 
Results " Swimming Compared to Bicycling 
A more direct comparison between thermoregulatory changes 
associated with exercise in water and air can be made using a 
comparison with the data of Nielsen and Davies (1976) as shown in 
Figure 8. Here, the exercise takes place at a similar metabolism level 
(48 to 49 percent of the maximum oxygen uptake) and at a similar skin 
temperature (about SQOC). In the swimming experiments, the authors 
assumed that the skin temperatures and the water temperatures were 
equal, but it was stated that mean skin temperature was actually 
higher than the water temperature in most cases. The experiments 
where the subjects exercised in air took place on bicycle ergometers In 
a climatic chamber. The air temperature was adjusted to obtain 
desired skin temperatures. 
In the model simulations for both of these cases, the ambient 
temperatures for water and air were adjusted to obtain the measured 
mean skin temperatures. In the first graph, Figure 8(a), the model 
Figure 8; Model predictions for temperatures of subjects: 
a) swimming at forty nine percent of their maximum 
oxygen uptake in 29.5°C water are compared with 
experimental data for esophageal, rectal, and skin 
temperatures taken from Nielsen and Davies' (1976) 
experiments performed on three different subjects. 
b) bicycling at forty eight percent of their maximum oxygen 
uptake in 0°C air are compared with data from the same 
source. 
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determined that the subjects swam in 29.50C water and, since their 
heat losses to the water were so great, their skin temperatures were 
close to the water temperature. In the second graph, Figure 8(b), the 
air temperature in which the exercise took place to obtain the same 
skin temperature during exercise was determined to be much lower, 
QOC. Steady-state resting temperatures were obtained at QOC with the 
model, then bicycling was started at 0 minutes, as shown. 
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TRAINING 
Background 
In the preceding section about swimming, fat thickness was 
discussed as an important factor in the functioning of the 
thermoregulatory system. Several other factors can also have 
significant effects on this and on the cardiopulmonary system. One of 
these is the level of training of the subject. With training, there has 
been shown to be an increase in the maximum oxygen uptake and blood 
volume, as well as a lowering of the heart rate and mean skin 
temperature at a given exercise intensity and cardiac output. If the 
same exercise is performed after training, metabolism, heart rate, and 
cardiac output are all lowered (Knuttgen, Nadel, Pandolf, and Patton, 
1982). 
When the maximum oxygen uptake increases, it is because both the 
stroke volume increases and the arterio-venous oxygen difference is 
widened. The maximum heart rate obtainable remains constant. The 
cardiac output in some subjects does increase during maximum work 
(Saltin, Blomqvist, Mitchell, Johnson, Wildenthal, and Chapman, 1968). 
Of course, endurance time can also be improved significantly. 
These are just some of the most obvious and significant results of 
training. Resting stroke volume has been shown to decrease with 
training, but resting total heart volume increases. A small, probably 
insignificant, increase in red cell mass after training was found in 
some subjects (Saltin et al., 1968). While mean arterial pressure 
remains unaltered by training, resting central venous pressure has been 
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shown to increase and this increase can be linearly related to the 
increase in blood volume. Total vascular compliance is also unaltered 
(Convertino, Mack, and Nadel, 1991). Subjects can accumulate more 
lactate during anaerobic work after training (Robinson and Harmon, 
1941). 
No significant changes were observed in core or muscle 
temperatures by some researchers (Knuttgen et al., 1982), but others 
have found that core temperatures are decreased by training (Gisolfi 
and Robinson, 1969). These differences could be, at least partially, 
attributed to the fact that the experiments of Knuttgen et al. (1982) 
were performed in a cool environment (18°C) while acclimatization to 
heat was concurrently occurring in Gisolfi and Robinson's (1969) 
studies. In fact, it may be true that subjects who are already 
acclimatized to the heat in which they are being trained do not show 
decreased core temperatures as a result of the training. 
Modifications to the Model 
Following training, the slope of the sweating response vs. core 
temperature curve is increased, but the core temperature threshold for 
sweating is usually only slightly reduced (Stolwijk, Roberts, Wenger, 
and Nadel, 1977). This increased potential for sweating has been 
postulated to be achieved through a peripheral mechanism (Buono and 
Sjoholm, 1988). It was found that the rise in sweat rate could be 
correlated with the increased maximum oxygen uptake found with 
training. In the modified model for training, the control relationship 
developed by Stolwijk, Saltin, and Gagge (1968) was modified to 
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account for these effects of training. Most notably, the gain associated 
with core temperature changes was increased. 
The effects of training can also be seen in the pulmonary system. 
Saltin et al. (1968) found that the ventilation rate increased with 
training. Pulmonary capillary blood volume and total diffusing capacity 
also increased in proportion to an increased blood flow to the lungs 
while the alveolar to arterial oxygen tension differences during 
exercise decreased after training. This suggests that there may be an 
improved distribution of pulmonary blood flow with respect to 
ventilation rate (Saltin et al., 1968). This has not yet been accounted 
for in our model. 
Knuttgen et al. (1982) proposed three possible explanations for the 
results that are observed after training. They suggest that selective 
fatiguing of motor units may be poorly coordinated before training. 
Another possibility is that active muscles could utilize the power 
better after training. Thirdly, muscles might be able to store and then 
better utilize energy of forced stretch in their elastic components 
after training. This would lessen the metabolic cost of force 
generation. Rowell (1974, p. 92) proposed "... that trained subjects may 
employ a larger muscle mass during work, so that any given fraction of 
total mass requires less blood flow." 
Rowell (1986) discussed some of the mechanisms leading to the 
cardiovascular improvements made through training. Vasomotor 
outflow to visceral organs is decreased during submaximal work so 
blood flow repartitioning to muscle and skin is decreased. This effect 
is included in our model. Skin blood flow is decreased following 
training, at least during relatively high levels of exercise in the heat. 
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This is also accounted for in our model, which includes modifications 
to the skin blood flow algorithm for training. Sympathetic nervous 
activity is also reduced in response to physical conditioning. 
A final effect of training which is relatively easy to incorporate 
into the model is the decrease in metabolism level for the same 
exercise performed. It seems to be very difficult to distinguish 
between the effects of training and acclimation since, typically, both 
are occurring at the same time. In the next chapter, both models for 
trained and untrained subjects are revised to consider acclimation to a 
given environment over a known period of time. 
Results 
In this section, we examine the effects of training independently of 
acclimation and dehydration which are studied in the following 
chapters. We compare our model to the data of Gisolfi and Robinson 
(1969) because they attempted to separate the effects of training and 
heat acclimation, which typically occur at the same time when 
exercise in the heat is studied. Their objective was to determine if 
training in a cool environment would preacciimatize their subjects for 
work in the heat. 
The model has been adapted to show the temperature changes which 
occur in warm environments, as seen in Figures 9-11 with 
comparisons to the data from Gisolfi and Robinson (1969). Figure 9 
shows a comparison between our original model and the average results 
from a group of five individuals prior to any training. It is can be 
observed in this example, as well as several others, that the measured 
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Figure 9: Measured rectal and skin temperatures from Gisolfi and 
Robinson (1969) compared to the original model predictions 
for core, muscle, and skin temperatures. The five subjects in 
the study were previously untrained and unacclimated to 
work in the heat. 
Figure 10: Comparisons between Gisolfi and Robinson's (1969) results 
and: a) the original model. 
b) the modified model for training. 
These data were obtained from the same subjects as in 
Figure 9, but after six weeks of intensive training in a cool 
(2rC) environment. 
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temperature values do not reach steady-state as quickly as in post 
training. This may be due to dehydration occurring to a greater extent 
in the untrained individuals. The effects of dehydration are 
investigated in a subsequent chapter of this dissertation. 
In the Figure 10(a), the rectal and skin temperatures are 
overestimated, respectively, by the core and skin temperature 
predictions of the model. In the Figure 10(b), the model was modified 
to account for the effects of training. In this case, the agreement with 
the data is much better than with the original model. 
In Figure 11, the agreement is also better with the model for 
training, Figure 11(b), than with the original model. Figure 11(a), but 
the temperatures are still overestimated, since training effects are 
much more pronounced in the runners who have been training for a 
longer time period and at a more advanced level than the five subjects 
who were classified as untrained before these experiments. 
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ACCLIMATION 
Defining Acclimation 
Two terms which have often been used to describe a variety of 
different types of adjustments by physiologists are acclimation and 
acclimatization. In this work, acclimation is defined to mean 
physiological changes induced by environmental changes. Fry (1957) 
discussed in detail the application of these terms to define two 
distinct types of adjustment to environmental changes, but various 
researchers in different areas of science have used conflicting 
definitions for them. 
We have attempted to study the relatively short term effects of 
continued exposure to a new environment. This environment is 
characterized by a change in ambient temperature and relative humidity 
in our model. We have been primarily concerned with studying the 
effects of heat acclimation on the ability to perform exercise in a hot 
environment. 
Background 
The level of acclimation of the subject to the environment can be 
very important. After acclimation, reductions in both heart rate and 
core temperatures have been found for a given work load in the heat 
(Stolwijk et al., 1977). The heart rate response is a result of the 
reduction in peripheral blood flow which can occur when circulatory 
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functioning is improved. This is similar to the improvement made after 
training. Blood volume has also been shown to increase during heat 
acclimation (Gisolfi and Robinson, 1969). However, this effect is not 
seen with short daily exposures to work in the heat (Bass, 1963). 
Heat-acclimated individuals have also shown a heightened sweating 
response. After acclimation, sweating and skin blood flow curves (vs. 
core temperature) have similar slopes, but thresholds are lowered as 
body temperature is lowered (Stolwijk et al., 1977). Gonzalez, Pandolf, 
and Gagge (1974) determined that after acclimation to dry heat, sweat 
gland function was increased by increasing the proportional control 
constant (gain) with respect to core temperature. 
In humidity, they found a decreased suppression of sweating with 
acclimation, but concluded that near the final days of their study much 
of the added sweat was inefficient for evaporative cooling of the skin. 
The empirical relationship they determined for sweating in this case 
included a slightly decreased core temperature set point as well as 
increased gain. Humidity is also important in other adjustments made 
during acclimation. For example, stroke volume is usually found to 
increase with acclimation, but during acclimation in humid heat, it was 
found to remain decreased (Rowell, 1974). 
Nadel, Pandolf, Roberts, and Stolwijk (1974) found that there was a 
difference in the sweating responsiveness to acclimation depending on 
the fitness level of the subject. For a subject in a relatively unfit 
condition, sweating responsiveness was enhanced by an increase in the 
relationship of local sweating rate to core temperature via a peripheral 
mechanism, since training is occurring in the process of the 
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acclimation. For a subject already in a fit condition, enhanced 
sweating during heat acclimation was arrived at by a reduction in the 
point of zero central drive. Both the core temperature set point for 
sweating and slope of the sweating response curve are then affected. 
Modifications to the Model 
In many cases, the increase in gain for sweating observed may be 
due to the contribution of concurrent training. In fact, Senay (1979) 
suggests that a combination of training and acclimation is required to 
optimize performance in the heat. To attempt to separate these two 
effects, we have developed two models, one for acclimation of 
untrained subjects and the other for acclimation of trained subjects. 
In the model for acclimation of untrained subjects, the core 
temperature set point for evaporative heat loss is changed, but the gain 
remains the same. The model for acclimation of trained subjects 
combines factors which result from both training and acclimation. An 
increased gain on evaporative heat loss is employed, as well as a 
revised core temperature set point which changes with acclimation. 
The change in skin blood flow with acclimation does not appear to 
be clearly defined. It is generally agreed that skin blood flow may be 
decreased with acclimation, and Bass (1963, p. 302) concludes from 
this that "...cardiovascular inadequacy of the unacclimatized man is 
referable, not to failure in meeting the added requirement for 
thermoregulation, but is rather the result of a temporary inability to 
continue adequate circulation to nonskin areas, e.g., working muscles, 
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brain, in the face of an increased requirement for cutaneous blood 
flow." The model for acclimation of untrained subjects includes a skin 
blood flow algorithm modified for temperatures above 31°C for all 
levels of exercise. The algorithm is also modified for moderate to 
heavy work in a warm environment in the model for acclimation of 
trained subjects. 
Another important difference between the two acclimation models 
involves the redistribution of blood flows to muscles and skin. In the 
model for acclimation of trained subjects, there is a decreased blood 
flow repartitioning, consistent with the changes observed following 
training. When the subjects of the acclimation are untrained, there is 
no change in repartitioning. All of these modifications in the various 
models described here are outlined in comparison to the original model 
in Table 1 on the next page. Further changes which account for 
humidity are also shown here. These modifications are discussed in the 
final section of this chapter. 
Other Factors in Acclimation 
The study of gender differences has also been important in 
determining how training and acclimation produce the physiological 
responses which have been observed. Because females have a greater 
sweat gland density while males can produce more sweat per gland, 
gender studies have been especially significant in research concerning 
the mechanisms for sweating (Frye and Kamon, 1983). For example, 
after acclimation, Avellini, Kamon, and Krajewski (1980) showed that, 
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Table 1: Modifications to controllers for specified models. 
Changes Relative to the Original Model 
Parameter T raining Acclimation 
(Untrained 
Subjects) 
Acclimation 
(Trained 
Subjects) 
Decreased 
Humidity* 
Tco, Qv No Change Decreased 
with 
acclimation 
Decreased 
w i t h  
acclimation 
Decreased 
Gain, Qv Increased No change Increased No change 
Gain, Qs 
(Heat, All 
Exercise) 
No Change Increased 
w i t h  
acclimation 
No change Decreased 
Gain, Qs 
(Heat, High 
Exercise) 
Decreased No change Increased 
w i t h  
acclimation 
No change 
Qj, Minimum Increased No change Increased No change 
* The same modifications apply as described for the acclimation of 
trained subjects, with additional modifications as shown. 
while their heart rates remained similar, males and females had an 
even larger difference between their sweat rates. 
Several other changes may also occur accompanying acclimation. 
Core to skin thermal conductance has been shown to be reduced by heat 
acclimation, but the mechanisms for this are not well understood. 
Peripheral venous volume decreases may result and, thus contribute to 
cardiovascular improvements (Stolwijk et al., 1977). Skin temperature 
is decreased during acclimation, but the core to skin temperature 
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gradient increases as sweating is enhanced and evaporative cooling of 
the skin increases. Cardiac output and blood pressures typically remain 
unaltered during acclimation. 
Acclimation to heat is usually discussed in relation to 
thermoregulation, but acclimation to cold can also be important. 
Higher rates of basal heat production are maintained after cold 
acclimation, so shivering is no longer required. This phenomenon is 
referred to as nonshivering thermogenesis and, typically, requires 
between a few days and several weeks to manifest itself (Hannon, 
1963). This is similar to the time required for heat acclimation. 
Shivering thermogenesis usually occurs first upon exposure to cold, 
however, so the excess heat required is produced through a higher rate 
of shivering. 
Metabolic cold acclimation involves the improved capacity to 
produce heat. When this occurs, heat is also lost from the body surface 
at a greater rate and the peripheral tissues are kept warmer. It is 
thought that the liver might be responsible for the extra heat 
production which occurs after acclimation. Hormonal mechanisms 
could also play a role. Increased levels of norepinephrine, for example, 
allow cold-acclimatized animals to make rapid metabolic adjustments 
and decrease the respiratory quotient (Hannon, 1963). 
Results " Initial Validations 
The model for acclimation of trained subjects was developed using 
comparisons to the data of Mitchell, Senay, Wyndham, Van Rensberg, 
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Rogers, and Strydom (1976) collected prior to acclimation and after ten 
days of acclimation. The equations for evaporative heat loss and skin 
blood flow were modified as previously explained to match the rectal 
and mean skin temperatures of four trained young men after four hours 
of work in the heat. The control of these equations is set to change 
with acclimation between these limits. Figure 12 shows comparisons 
between the model results and data for selected days throughout 
acclimation. The model consistently predicts values which fall within 
the standard deviation range given. 
The model for acclimation of untrained subjects was developed and 
validated in a similar manner using data for esophageal and skin 
temperatures from Gonzales, Pandolf, and Gagge (1974). In this study, 
six previously untrained male subjects exercised in the dry heat for a 
period of six days. 
It was determined through comparing the original model to 
numerous experimental data found in literature that heat acclimation 
effects are the most important to study using these models. As is 
shown in Figure 13, during the process of acclimation measured rectal 
and mean skin temperatures are in good agreement with the model 
predictions, without any of the acclimation modifications which were 
indicated for exercise in the heat. Senay and Kok (1977) also point out 
that training has little effect on thermoregulation during cool tests, 
but does modify the mechanisms of thermoregulation during early heat 
exposure. This was examined in the previous chapter. 
Figure 12: IVleasured rectal and mean skin temperatures given as 
averages, with a standard error range compared to the 
temperatures predicted by the model. Experimental data 
were taken from Mitchell, Senay, Wyndham, Van Rensberg, 
Rogers, and Strydom (1976). Each plot shows a different 
day during the acclimation process. 
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environment, compared to data for rectal and mean skin 
temperatures from Senay and Kok (1977) during 
acclimation. 
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Results -- Resting Heat Acclimation 
Resting values are changed by acclimation as well, although their 
changes are not usually as pronounced. If the subjects are at rest in 
the heat, their sweating mechanism improves and resting cardiac 
output may decrease along with the decreased skin blood flow during 
the acclimation process (Rowell, 1983). This is shown in our models 
after they are modified to agree with temperatures measured at 
different stages of the acclimation process, as was previously 
discussed. 
Before acclimation, resting skin blood flow may be much higher, as 
was indicated by Rowell (1986) in Figure 4. Figure 14 shows the blood 
flow distribution results from the model for trained subjects before 
acclimation. This indicates that skin blood flows at rest are much 
higher for unacclimated subjects in the heat than was indicated in 
Figure 3(b). The skin blood flows are shown to decrease more quickly 
with increasing metabolism, however, so the exercise cannot be 
continued as far. The blood flow distribution in cooler temperatures in 
this case is still similar to that shown in Figure 3(a). 
Results — Humidity Effects 
It was apparent throughout these studies that humidity can play a 
significant role during acclimation. Figure 15 (a) shows a typical 
example for acclimated subjects exercising in the dry heat. These data 
from Frye and Kamon (1983) are average rectal and mean skin 
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Day 1 Acclimation, Trained Subjects, Ta = 43.3 C 
Points Indicate Simulation Results 
Qm 
Qm+Qc 
Qm+Qc+Qs 
Metabolism (L 02/min) 
Figure 14: Blood flow distribution at 43.3°C ambient temperature prior 
to acclimation. 
Figure 15; Frye and Kamon's (1983) rectal and skin temperature data 
for acclimated males exercising in dry heat compared to: 
a) the original model for trained and acclimated subjects 
b) the model with modifications to evaporative heat loss 
and skin blood flow. 
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temperatures of four trained, acclimated men. Since the controllers 
for evaporative heat loss and skin blood flow are set using data 
collected in a higher humidity, core and skin temperatures are both 
overestimated. This makes sense physiologically, since the subjects 
should be able to evaporate more in the dry air and thus lower their 
body temperatures. 
In Figure 15 (b), the same data are shown, but the model for 
acclimation of trained subjects is revised to lower the core 
temperature set point for evaporative heat loss and decrease the skin 
blood flow gain in the heat. With these changes, the model prediction 
is much better. Relative humidity has previously been taken into 
account only in the respiratory heat loss terms in the energy balance 
for the core. Evaporative heat loss is an empirical relationship in 
terms of core and skin temperature driving forces. It has not included 
environmental limitations, which can become controlling in extreme 
conditions. These environmental limitations will be discussed and 
applied to the model in a chapter concerning run-off effects later in 
this dissertation. 
Figure 16 shows data taken from the same source, Frye and Kamon 
(1983), for a humid environment. The humidity in this case, 61 
percent relative humidity, is higher than that in which the controllers 
were set (42 percent), but the initial agreement, as shown in Figure 16 
(a), is much better. If the controller for skin blood flow is reset to the 
value determined in Figure 15 (b) and the evaporative heat loss 
relationship is not changed, the results in Figure 16 (b) are obtained. 
Figure 16: Frye and Kamon's (1983) rectal and skin temperature data 
for acclimated males exercising in humid heat compared to; 
a) the original model for trained and acclimated subjects. 
b) the model with the skin blood flow modification 
determined to produce Figure 15 (b). 
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It is important to note here that a different gain for skin blood flow 
must be used to obtain agreement with these experimental data. This 
is not surprising, since the complicated algorithm derived in The 
Control of Skin Blood Flow section and the subsequent modifications 
for acclimation were based on simple linear fits to two or three values 
shown to correspond to temperature data. 
Discussion 
Acclimation effects have also been studied extensively in relation 
to the hydration state of the body. Senay, Mitchell, and Wyndham 
(1976) concluded that the change in plasma volume is the most critical 
event in the process of heat acclimatization. Of course, the plasma 
volume expansion becomes limited during exercise in the heat when 
body water loss is significant. This will be investigated in the 
following chapter, which concerns dehydration and the importance of 
water loss in the regulation of both thermoregulatory and 
cardiorespiratory needs of the body. 
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DEHYDRATION 
Background 
Dehydration effects, which are most important in the functioning of 
the cardiovascular system, have been studied as well as other possible 
hydration states and their various influences on maintaining blood 
volume. Water is lost from the blood stream during exercise, traveling 
from the intravascular to the interstitial space and decreasing stroke 
volume. Water is lost from the body through the respiratory system, as 
well as through evaporation from the skin surface. This results in a 
decreased body weight, which can become significant (Saltin, 1964). 
Due to this hypovolemia that often occurs during exercise, cardiac 
output can be lowered, muscle blood flow may be lowered, and, 
consequently, muscle tissue perfusion may then be lowered. Cutaneous 
blood flow is also lowered at any given internal temperature. 
Typically, the heart rate increases in an attempt to preserve these 
blood flows in the face of the lowered stroke volume. Greenleaf and 
Castle (1971), who compared hypohydrated and hyperhydrated states, 
also found that oxygen uptake was slightly increased by hypohydration. 
There may also be a higher circulation level of lactic acid in the 
blood (Nadel, 1984). As has been previously discussed (Downey, 1996), 
a competition for blood flow develops during exercise in the heat which 
is enhanced by these factors. It is well documented that maintenance 
of central circulation blood volume has precedence over temperature 
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control when both are limited, but hyperthermia is also an important 
concern. Either way, endurance time can be limited by dehydration. 
During dehydration, core temperatures are higher, and the sweating 
mechanism is inhibited (Harrison, Edwards, and Fennessy, 1978). In 
fact, the storage of body heat has been found to increase by more than a 
factor of two during dehydration (Hortsman and Horvath, 1972). Nadel, 
Fortney, and Wenger (1980) found that the core temperature threshold 
for cutaneous vasodilation was elevated slightly during hypohydration, 
but, after the threshold was reached, the arm blood flow to core 
temperature relationship was unchanged from control values. They also 
found that maximum arm blood flow was reduced by nearly one half, to 
maintain an already compromised venous return. Therefore, less heat 
was transferred through the skin, so the core temperature was raised 
to almost 390C: much higher than when body fluids were replaced. 
Euhydrated states, in which the lost fluid is replaced, have also 
been studied extensively. During euhydration, no significant changes 
are seen in blood volume or plasma volume and evaporative rates can be 
maintained at higher levels. Prior to the modifications presented in 
this chapter, our model was limited to describing euhydrated states. 
Thermoregulatory adjustments may be very different during 
dehydration. Even early results demonstrated this. Pitts et al. (1944) 
showed that water restriction during prolonged exercise in a warm 
environment caused a continuous increase in core temperature, but 
replacement of fluid allowed for a steady-state to be reached after 
two hours (Nadel et al., 1980). 
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Sources of Water 
In addition to the water ingested by drinking, some water is 
contained in the foods which are eaten. Metabolic water is also 
produced in the digestive system when molecules of the food are broken 
down to produce energy and carbon dioxide. McArdle, Katch, and Katch 
(1986) assert that metabolic water accounts for approximately 25 
percent of the daily water requirement for sedentary individuals. 
We do not account for this metabolic water in any versions of our 
model, since we are primarily concerned with relatively short periods 
of time during exercise or heat stress. Consumption of food and its 
digestion is, therefore, not a major factor. In the model for 
dehydration, we do allow for direct input of water into the water 
balance on the core compartment. 
During exercise, some water is liberated from the glycogen being 
utilized to produce energy. This amount of water should be 
insignificant, compared to the water loss from increased sweating 
which also results from exercise. 
The transport of carbon dioxide in the blood was discussed briefly in 
Downey (1996), but its reaction with water becomes more important 
when we study dehydration. As ventilation increases, more carbon 
dioxide is removed through the lungs. This shifts the reaction with 
bicarbonate towards the formation of more carbon dioxide and water in 
the cells. However, if more carbon dioxide is being produced during 
exercise and the excess is not ail removed by ventilation, more of the 
carbon dioxide will react with water to form bicarbonate. 
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Plasma Volume During Dehydration 
One important consequence of dehydration studied extensively in 
literature is the decrease in plasma volume. It has previously been 
shown that blood volume is reduced when sweating causes a fluid loss 
of 2 to 3 percent of the body weight (McArdle, Katch, and Katch, 1986). 
This can have a significant effect, as pressures in the vascular system 
are compromised with the reduced volumes. In our model, we have not 
taken this into account since we have not studied total pressure 
changes. Blood volume changes are only included in the dynamics of the 
model, and it was previously determined that changes in these volumes 
are insignificant to the model results (Downey, 1996). 
Modifications to the Model 
Some of the numerous effects of dehydration reviewed in the first 
section of this chapter can be applied in our model. Since we are 
mainly concerned with blood flows throughout the body, we have 
focused on the effects of water loss on the flow relationships 
developed in this work. Specifically, the control relations for skin 
blood flow and evaporative heat loss were modified to agree with 
temperature changes in the core. 
When water lost through sweating reaches the estimated minimal 
level necessary to trigger water conservation, skin blood flow and 
evaporative heat loss begin to decrease at constant rates. Presumably, 
at some later time after more water is lost, muscle blood flow will 
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also start to decrease. This has not been taken into account, however, 
and we have not attempted to study the limits of dehydration. 
Understandably, most experiments involving hypohydration do not look 
at extreme levels of dehydration. 
During hypohydration, temperatures do not reach a new steady-state 
level during exercise and/or heat stress, as occurs during water 
replacement. This is also shown in our model, as the energy balances 
do not reach steady-state when blood flows are changing with water 
loss. 
Results — Exercise and Dehydration 
Figure 17 compares the model results to the data of Nadel, Fortney, 
and Wenger (1980). Plot 17 (a) shows the model for trained subjects 
compared to the measurements of Nadel et al. for esophageal 
temperatures in the euhydrated state. Euhydration is commonly defined 
as the hydration state in which water lost through sweat is replaced. 
In this case, it Is referring to the control group of subjects who were 
not pretreated with drugs to induce hypohydration or hyperhydration. 
Plot 17 (b) shows a comparison between the same model and data 
for the case of hypohydration, where diuretics were administered to 
the subjects prior to the experiments in order to increase body water 
loss through the kidneys without excessive potassium loss. Esophageal 
temperatures are generally underestimated in this case because 
complete water replacement is assumed in the model. In Plot 17 (c), 
the same data are compared with the model modified for dehydration. 
Figure 17; Model results for trained subjects compared to the data of Nadel, Fortney, and Wenger 
(1980); a) assuming complete water replacement in the model and control 
experimental data. 
b) assuming complete water replacement in the model and data for 
hypohydrated subjects. 
c) modifying the model to account for dehydration and data for hypohydrated 
subjects. 
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These data were used to set the gain for the decreases in skin blood 
flow and evaporative heat loss accompanying dehydration. 
Results — Acclimation, Heat Stress, and Dehydration 
It was determined that a different and smaller gain for both the 
skin blood flow and evaporative heat loss control relations is indicated 
to simulate dehydration as a result of heat stress. This gain, applied to 
lower both skin blood flow and evaporative heat loss, was set using 
data from Senay (1975) for the case of dehydration of trained, 
acclimated subjects as shown in Figure 18 (a). The data given are mean 
rectal temperatures within the range of one standard deviation for a 
group of five trained male subjects. The simulation results are 
calculated using the model developed for acclimation of trained 
subjects. The level of acclimation is set at twelve days, since the 
subjects in this experiment were reported to have completed a twelve-
day acclimatization program immediately prior to these measurements. 
Figure 18 (b) shows the corresponding results for rehydration 
compared to the same model set with the same conditions, but 
assuming total water replacement. The data increase more than the 
model would indicate toward the end of the experiment in this case. 
This could indicate that some unexpected dehydration occurred during 
the final stages of the experiment. It was reported that, during the 
rehydration experiments, water loss was replaced by the subjects 
ingesting a 0.1 percent sodium chloride solution every half hour during 
Figure 18: The model results for trained, acclimated subjects 
compared to Senay's (1975) data for five trained male 
subjects after twelve days of acclimation: 
a) simulating the effects of dehydration on skin blood flow 
and evaporative heat loss compared to data where water 
lost through sweat was not replaced. 
b) assuming complete water replacement in the model 
compared to data where water loss was replenished in 
half hour intervals. 
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the experimental period. The temperature increase during the final 
portion of this experiment was not discussed in Senay's (1975) paper. 
The results for the corresponding experiments before 
acclimatization are shown in Figure 19. The data are rectal 
temperature ranges reported by Senay (1975). These measurements 
were taken before the subjects underwent an acclimatization 
procedure, but they agree much better with the simulation results for 
Day 5 acclimation settings. This is also true for the pre-acclimation 
results from another source used in the next section. 
Most likely, typical subjects are somewhat heat acclimated before 
they began these studies. In the original paper containing the data used 
to set the model's controller gains (Mitchell, Senay, Wyndham, Van 
Rensburg, Rogers, and Strydom, 1976), it is stated that the subjects 
had not been previously exposed to heat stress for at least one year 
before their experiments. The subjects studied by Senay (1975) were 
working as gold miners in Africa prior to his studies. 
Figure 19 (a) gives a comparison between Senay's (1975) pre-
acclimation data and the simulation results using the model for 
acclimation of trained subjects set for Day 5 of acclimation for the 
case of dehydration. The model core temperature still falls within the 
range of the data throughout the experiment. The results assuming 
complete water replacement are compared to the data obtained in the 
rehydration, experiment for pre-acclimation in Figure 19 (b). The core 
temperature fails within the standard deviation range and close to the 
mean values for rectal temperature consistently. 
Figure 19: Senay's (1975) rectal temperature measurements compared 
to simulation results for trained subjects on the fifth day 
of acclimation: a) during dehydration. 
b) with water replacement. 
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Results -- Skin Temperatures, Heat Stress, and Dehydration 
Hortsman and Horvath (1972) included data for rectal, tympanic, and 
mean skin temperatures. These agree reasonably well with our model 
for trained individuals, also looking at Day 5 of acclimation for that 
model. Again, the subjects were said to be non-acclimatized. 
The case of euhydration is shown in Figure 20 (a). Initially, the 
subjects probably were at rest in an environment with a temperature 
below 30°C since the model results, initially at steady-state in a 30°C 
environment, show higher core temperatures during the first 100 
minutes of the experiment. Steady-state results are in much better 
agreement. As was previously discussed, there is an initial overshoot 
of skin temperature in the data which is also demonstrated in the 
model simulation. 
Similar trends are observed in the model with dehydration and the 
dehydration data (Figure 20 (b)). Agreement is very close for skin 
temperature and core temperature measurements after an initial period 
where they are overpredicted because of the initial settings of the 
model. 
Figure 20: Measurements for tympanic, rectal, and skin temperatures 
from Hortsman and Horvath (1972) compared to simulation 
results for trained subjects after five days of acclimation 
exposed to: a) water replacement. 
b) dehydration. 
8 6  
Ta=48 C. dM = 0.0. RH = 3%. Suhyaration 
381 ; 
X. .. X... X .. -X. . .X 
37 i '  
•) 
•< :< X X .< •< < 
^ X X « « * 
« * * 
•X X 
X 
: X 
O 
36 if 
i. 
33r 
321-
31^ 
35 r ; — Model Tc 
: I Model Tm 
! • Model Ts 
CO : 
S : I 
134 r I 
>2 : i X Measured Tc 
• * Measured Ts 
50 100 150 200 250 300 350 •;00 450 500 
minutes 
Ta='t8 C. CM = 0.0. RH = 3%. DenvOration 
39, : 
I 
38-
Moael Tc 
Model Tm 
I 35 5 a 
Model Ts 
Measurea Tc 
Measured Ts 
33 
i I 
32f- \ 
I 
I 
311 
0 50 100 ISO 200 250 300 350 -iOO 450 500 
minutes 
8 7  
NON-EVAPORATED SWEAT; THE RUN-OFF EFFECT 
Accounting for Water Losses 
In an earlier part of this work, the control equation used to 
determine evaporative heat loss from the body was discussed. It is 
driven by the core and skin temperature variations and has been 
modified to account for training, acclimation, and dehydration. 
However, this equation does not represent the total sweat rate. 
Evaporative heat loss can be converted to sweat rate using the heat 
of vaporization of sweat. If all the sweat evaporates when it reaches 
the surface of the skin, this value represents the total sweat rate. 
This is not usually the case, however, and a layer of unevaporated 
sweat forms which has not yet been accounted for in the model. Figure 
21 shows an example where water volume in the core of the body, 
calculated by given total body water losses from Senay (1975) upon 
exposure to heat stress with no water replacement, is overestimated 
by the model. This is generally true and can be explained by the fact 
that run-off is not included in the model. From Figure 21, it can also be 
noted that the decrease in water volume is even more significant after 
prolonged exposure to the heat stress both before and after 
acclimation. 
In Figure 22, we have addressed this problem by adding a term which 
accounts for run-off to the water loss equation. As relative humidity 
increases, the body water begins to decrease as a function of relative 
Figure 21; Body water data points from Senay (1975) compared to the 
simulation results for trained subjects during: 
a) pre-acclimation 
b) post-acclimation 
where average values for total body water losses are given 
with standard deviation ranges. 
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humidity. This function is different for acclimated and unacclimated 
subjects. 
Mitchell (1976) found that there was a very large increase in 
unevaporated sweat, nearly two hundred percent, accompanying a 
relatively small increase of thirty percent in sweat rate in a hot and 
humid environment. A ten percent increase in evaporation rate also 
occurred in this study, which took place during acclimation. A more 
complex examination of the dynamic changes along with more detailed 
water balances would be useful in the future study of sweating and 
evaporative heat loss. 
For the purposes of this discussion, the changes in water in the core 
compartment are assumed to represent total body water changes. The 
related material balance can be expressed as: 
cl\/ 
= Ingested Water - Water Lost in Urine 
~ QV.VOL " Run Off Water Loss 
The term Qy voi 's defined by the following function: 
Qv 
CV.Vol 
PH,o(AHr"') 
The initial volume of water in the body's core compartment is assumed 
to be 22.86 L for our model of a standard man. Decreases from this 
level are calculated as water is lost through the process of sweating. 
We are not including any ingested or excreted water at this stage, but 
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they could be accounted for as shown in this material balance. Water 
loss through the respiratory system is also not included here since it 
can be shown to be insignificant during the situations we are studying. 
In the case of dehydration, changing the rate at which water is lost 
also affects the temperature results because the control of skin blood 
flow and evaporative heat loss depend upon the body water volume. 
These control equations would need to be adjusted again to agree with 
the temperature data found in literature after run-off is taken into 
account. 
Body Water Volume Changes During Exercise in a Humid Environment 
The controllers set for body water decrease as a linear function of 
relative humidity are surprisingly applicable to a wide range of 
humidities. Figure 23 shows an example where the model results are 
compared to the data of Frye and Kamon (1983). This is the case where 
humidity effects on the thermoregulatory system were studied in the 
ACCLIMATION chapter. 
Body Water Volume Changes in Different Ambient Temperatures 
The model prediction of body water volume is also reasonable for 
exercise in a variety of environmental temperatures. Figure 24 shows 
temperature profiles along with the corresponding water volume 
changes over time. Both fall within the standard error ranges of the 
experimental data from Shvartz, Shapiro, Magazanik, Meroz, Birnfeld, 
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Figure 23; A comparison between the model results for trained 
subjects in a humid environment and Frye and Kamon's 
(1983) data given with standard deviations. 
Figure 24; Comparisons between tlie data of Shvartz, Shapiro, Magazanik, Meroz, Birnfeld, 
Mechtinger, and Shibolet (1977) showing average values with standard deviations and 
the model for acclimation of trained subjects for: 
a) rectal temperatures prior to acclimation. 
b) water volumes prior to acclimation. 
c) rectal temperatures after acclimation. 
d) water volumes after acclimation. 
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Mechtinger, and Shibolet (1977) for subjects before and after training 
in a cool ambient temperature of 23°C. 
Figure 25 shows data from the same source, but during experiments 
performed in a warmer temperature. The relative humidity in all of 
these cases was 50 percent. Selected results in Figure 25 show water 
volumes from trained subjects before acclimation and from unfit 
subjects after acclimation. These results also fail within the error 
range of the data. 
Extremely High Humidity 
One group of researchers attempted to quantitatively measure 
sweat rate, evaporation rate, and unevaporated sweat separately in a 
very high humidity. Avellini, Kamon, and Krajewski (1980) tested 
subjects exercising in an environment with 70 percent relative 
humidity before and after ten days of acclimation In 85 percent humid 
heat. Figure 26 shows good agreement between their results and our 
model predictions for evaporative heat loss during both pre- and post-
acclimation. Body water loss through sweating appears to be slightly 
underestimated. The equation for run-off at high humidity should, thus, 
be adjusted to account for this. 
If we add a switch to change the slope of the equation for run-off in 
high humidity, this problem can be corrected, as shown in Figure 27. 
This disagreement could be due to individual differences among the 
subjects or experimental variations, but the disagreement between the 
model and other experimental data is also shown to be more pronounced 
Figure 25: Average body water volumes with standard deviations 
determined from sweat rates measured by Shvartz, Shapiro, 
Magazanik, Meroz, Birnfeld, Mechtinger, and Shiboiet (1977) 
compared with: 
a) the model for acciimation of trained subjects prior to 
acclimation. 
b) the model for acclimation of untrained subjects after 
acclimation. 
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(1980) compared with the model for acclimation of trained subjects for: 
a) evaporative heat losses before acclimation. 
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c) evaporative heat losses after acclimation. 
d) body water losses after acclimation. 
Evaporatfva Heal Lo&&. Ta ~ Jti C. dM » 0 6b Umin HH . Ptu Acciimalion 
-20 (00 t20 140 160 IBO 
mirtules 
Evaporaitvs Heal Loss, Ta • 36 C. dM • 0 66 L/min, RH » 70%. Post Acclimation 
-20 100 120 MO 160 160 
Ooay Waiar Voluirio, Ta * J6 C. ilM ^ 0 66 Umm. RM ^ 70%. Pra Acclimalion 
22 S 
U 
> 
21 5 
20 5 
-20 100 120 MO 160 160 
o 
Body Waiei Volume. Ta - 36 C. dM • 0 06 L/min. AM a 70%. Po$j Acclimalion 
22 5 
21 5 
20 S 
-20 100 120 MO 160 160 
Figure 27: Average data points with standard deviations from Avellini, Kamon, and Krajewski 
(1980) compared with the model for acclimation of trained subjects modified for run­
off in high humidities for: 
a) evaporative heat losses before acclimation. 
b) body water losses before acclimation. 
c) evaporative heat losses after acclimation. 
d) body water losses after acclimation. 
Evaporaifvtt Hon Loss. Ta « 36 C. dM • 0 66 L/min, RH - 7U'« P'o Acctiniatiort 
-20 0 20 4Q 60 80 tOO 120 MO t60 160 
minulea 
Evaporativo Heal Loss. Ta » 36 C. JM « 0 66 Unun. RH » 70%. Posi Acclimadon 
floUy Wuler Volume, Ta 36 C. dM a 0 86 L/min. RH « 7Q*i Pm Acclimaiion 
> 
20 5 
-20 100 120 140 160 180 
minules 
o 
CO 
Qody Water Volumo, Ta a 36 C, dM • 0 66 L/mm, RH » 70%. Posi Acclimation 
22 5 
22 
U 
> 
2\ S 
20 5 100 120 MO 160 160 
-20 
minutes 
1 0 4  
with relative humidities higher than 70 percent. If sweating in high 
humidities is to be studied using this model, these equations should be 
further revised. 
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RECOVERY FROM EXERCISE 
Recovery from work has been included in the model so that the time 
to return to resting conditions after a period of exercise can be 
examined. This recovery, a decrease in muscle metabolism, can be 
included in the model to show the return to the resting steady-state. 
As shown in Figure 28, the core temperatures agree well with 
measured deep-body temperatures from Harrison, Edwards, and 
Fennessy (1978) for the recovery period from exercise at 
approximately 37 percent maximum oxygen uptake in a 45°C 
environment. The metabolic rate is set to decrease slowly back to its 
resting value after the exercise is stopped, as indicated by the 
decrease in core temperature. In this case, water lost through 
sweating was replaced in the subjects, so complete water replacement 
was assumed in the model results. 
Skin temperatures were not reported by Harrison et al. (1978), but 
the model predicts some interesting changes as shown in Figure 28. 
The dip in skin temperature, along with core temperature but at a much 
higher magnitude, is indicated by the rapid increase in muscle blood 
flow when the metabolism is suddenly raised to the exercise level. The 
skin temperature curve changes its slope, but continues to increase 
when the metabolic rate starts to decrease at 75 minutes. When 
metabolism reaches 0.72 L oxygen/minute at about 97 minutes into the 
simulation, the gain on the controller for skin blood flow changes 
causing skin blood flow to jump to a higher level. This is reflected in 
1 0 6  
Ta=45 C, dM = 1.12 L 02/min, RH = 30 %, Water Replacement 
39 
38 f-
37 
^"xxX^ 
XXX 
xxx xX^ 
XXJCC-X-XXJS 
36 -
CO Q 
I 35 
5 Q. 
E 
H 3 4 h  
331 
Model Tc 
Model Tm I 
I • Model Ts 
! 
I X Measured Body Temp 
32 h 
31 ^  
0 20 40 60 
minutes 
80 100 120 
Figure 28: Model results compared to deep body temperatures 
measured by Harrison, Edwards, and Fennessy (1978). 
Exercise begins at 30 minutes and ends at 75 minutes. 
1 0 7  
the corresponding rise in skin temperature at this time. Skin 
temperature then decreases steadily with skin blood flow. 
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CONCLUSIONS 
It was discovered early in this research project that the 
development of this coupled model was highly dependent on the method 
used to describe the variation of five flow rates which must, at this 
point, be done using empirically-derived relationships. The 
relationships between these flow rates and other model parameters 
which are shown to give the best overall model performance are as 
fo l lows:  
1. Skin blood flow responds to core and skin temperatures. The 
relationship between skin blood flow and temperature is modified by 
changes in ambient temperature, exercise level, and the state of 
hydration. It can also be modified by training and acclimation. 
2. Muscle blood flow responds to the concentration of oxygen in the 
blood exiting the muscles (oxygen used by the muscles) and indirectly 
to core and skin temperatures when it becomes limited. 
3. Evaporative heat loss responds to core and skin temperatures, but 
its rate is limited by the partial pressure of water at the surface of 
the skin, the relative humidity of the air, and the mass transfer 
coefficient between skin and air. 
4. Ventilation rate responds to the partial pressure of oxygen and the 
partial pressure of carbon dioxide in the arterial blood. 
5. Blood flow to internal tissues, such as the spleen, liver, and 
kidneys, which are included as a part of the core compartment, 
decreases to divert blood to muscles and skin during exercise and/or 
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heat stress. Its decrease responds to increases in peripheral blood 
f low.  
These relationships, when integrated with the appropriate material 
and energy balances, can be used to successfully model the physiology 
of thermoregulation in combination with the respiratory and 
cardiovascular transport of oxygen and carbon dioxide. This model can 
then be applied to a variety of environmental and physiological 
situations. The initial case studies with exercise and heat stress have 
been expanded to examine these situations. Water Immersion and 
swimming were also modeled. The most significant change to the 
model in these situations was the variation of the heat transfer 
coe f f i c ien t .  
The physiological responses which result from exercise training, 
acclimation to heat over time, and dehydration were also described. 
These responses primarily involve modifications to the control of skin 
blood flow and evaporative heat loss. The treatment of dehydration 
also included water balances. Run-off from sweating was then 
introduced to account for the extra water lost in addition to the 
evaporation resulting from exercise and/or heat stress. The 
importance of relative humidity was found to be particularly 
significant in the production of run-off. Finally, recovery from 
exercise was introduced into the model so that the range of dynamic 
situations could be extended. 
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RECOMMENDATIONS FOR FUTURE WORK 
One of the most important steps in the completion of this type of 
modeling process is the study of the model's limitations. Not only is it 
helpful to study where the model can be validated, it is also necessary 
to determine under what conditions it will fail. Clearly, the complex 
equation developed to predict skin blood flow could fail near the 
limitations of maximal exercise and in extreme ambient temperatures. 
Most of the other control relations are also empirical and, in some 
cases, linear in nature. This method of extrapolating a relationship 
based on a small number of measured points can introduce a great deal 
of error into the calculated results. 
One additional factor to which the model has been determined to be 
very sensitive is the value of the tissue thermal conductivity in the 
various compartments. The model sensitivity to this parameter, which 
was tested in the previous work (Downey, 1996), is similar to the 
sensitivity to skin blood flow, since both of these elements combine to 
transfer heat within the body. Problems with measuring skin blood 
flow are discussed in detail here, but it is still easier to estimate 
blood flow than thermal conductivity, which is very difficult to 
determine quantitatively in vivo. We have limited our modeling of heat 
transfer to changes in skin blood flow and maintained a constant value 
of the tissue thermal conductivity. It might be useful to modify the 
model to include the effects of the thermal conductivity of composite 
tissue and how it varies. 
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The overall goal of our research group during the past several years 
has been to develop a closed-loop life support system for use in long-
term space flight. The model discussed here could be expanded to 
include the effects of other factors such as micro-gravity and diet. It 
could then be integrated with detailed models of the pulmonary and 
cardiovascular systems and human water balances to form a 
generalized crew model. Models for a life support system are being 
developed concurrently. The final results should show an interaction 
between a crew, life support system, and, eventually, plants, which 
will be added to utilize the carbon dioxide produced by the crew and 
regenerate oxygen. 
Several other interesting conditions could also be studied using this 
model as a basis. Water immersion provided just one example of the 
importance of the environment on the functioning of the 
cardiopulmonary and thermoregulatory systems. Other factors, such as 
wind speed or the amount of clothing worn by the subjects, would be 
interesting to examine using this model. Pressure effects, nervous 
system controls, and/or hormonal regulation could also be introduced 
into the model to examine their relationships to the control of blood 
f low.  
Problems encountered during disease or extreme conditions, like 
hyperthermia, also provide possibilities for investigation using this 
model. To examine more complex cases such as these, though, the 
possibility of anaerobic work would first need to be introduced into the 
model, especially if we were examining metabolic changes on a 
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relatively short time scale. Regional studies might also be necessary, 
incorporating more compartments and sections into the model. 
Another interesting problem would be to examine the 
thermoregulatory systems of other animals in comparison to 
temperature regulation in humans. This could help us to understand the 
limitations of humans and, perhaps, make improvements to the model 
so the resulting descriptions of the thermoregulatory, as well as the 
cardiovascular and pulmonary, systems could be improved. 
1  1  3  
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